Introduction
============

Hepatocellular carcinoma (HCC), the primary type of liver cancer, is one of the most malignant types of human tumor with poor prognosis ([@b1-mmr-12-04-5679]). HCC accounts for \>80% of all liver cancer and is diagnosed in \>600,000 individuals annually globally ([@b2-mmr-12-04-5679],[@b3-mmr-12-04-5679]). HCC has become one of the leading causes of cancer-associated mortality worldwide ([@b4-mmr-12-04-5679]). There is currently no clinically proven curative therapy for advanced HCC ([@b5-mmr-12-04-5679]), and a large percentage of cases of advanced HCC do not respond to chemotherapies, predominantly due to the high level of intrinsic and acquired chemoresistance ([@b6-mmr-12-04-5679]). The successful elimination of cancer cells through apoptosis is the ultimate aim of chemotherapy ([@b7-mmr-12-04-5679],[@b8-mmr-12-04-5679]). Apoptosis is an important process, which controls the growth and development of organisms ([@b9-mmr-12-04-5679]), and the perturbation of apoptosis is considered to be a promising strategy for prevention and treatment of HCC.

Fatsioside A, a novel baccharane-type triterpenoid glycoside, is extracted from the fruits of *Fatsia japonica* ([@b10-mmr-12-04-5679]). Fatsioside A can exert growth inhibition, cell cycle arrest and induce apoptosis in rat glioma C6 cells and human glioma U251 cells ([@b10-mmr-12-04-5679]). Therefore, fatsioside A may be a promising novel candidate for adjunctive therapy against human tumors through the activation of cell death. However, its action on the HepG2 human HCC line have not been investigated and the exact mechanisms underlying the induction of apoptosis remain to be elucidated. The present study aimed to investigate the anticancer properties of fatsioside A in the HepG2 human HCC line, and to examine the underlying mechanisms by focusing on the AMP-activated protein kinase (AMPK) signaling cascade.

Under conditions of metabolic stress, including hypoxia, heat shock, oxidative stress and exercise, in which adenosine triphopshate is depleted, AMPK is activated and functions as a major metabolic switch to maintain energy homeostasis ([@b11-mmr-12-04-5679]--[@b16-mmr-12-04-5679]). This conserved heterotrimeric kinase has also been demonstrated to act as an intrinsic regulator of the mammalian cell cycle ([@b17-mmr-12-04-5679]). In addition, AMPK is important in cancer cell survival and apoptosis ([@b18-mmr-12-04-5679]--[@b23-mmr-12-04-5679]), and a number of anticancer medicinal herb extracts activate AMPK-dependent cell death pathways ([@b24-mmr-12-04-5679]--[@b26-mmr-12-04-5679]). Previous studies have reported that fatsioside A may be a promising novel candidate for chemotherapy against human tumors through inducing cell death ([@b10-mmr-12-04-5679]), however, the potential roles and underlying mechanisms of AMPK in mediating fatsioside A-induced cancer cell death remain to be fully elucidated Therefore, the present study aimed to investigate whether AMPK activation is important for fatsioside A-induced apoptotic death in the HepG2 HCC cells.

Materials and methods
=====================

Materials
---------

Fatsioside A was provided by the College of Pharmaceutical Sciences, Zhejiang University (Hangzhou, China), which was dissolved in dimethylsulfoxide (DMSO) at 0.8 mM and diluted with fresh medium to obtain the desired concentration. The 3-(4, 5-dimetryl-thiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay was purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). Antibodies specific for phosphorylated (p-)AMPKα (rabbit anti-human polyclonal antibody; cat. no. SAB4503754; Sigma-Aldrich, St. Louis, MO, USA), AMPKα (rabbit anti-human polyclonal antibody; cat. no. A3730; Sigma-Aldrich), cleaved caspase-3 (rabbit anti-human polyclonal antibody; cat. no. C9598; Sigma-Aldrich), B-cell lymphoma (Bcl)-2 (rabbit anti-human polyclonal antibody; cat. no. PRS3335; Sigma-Aldrich) and β-actin (mouse anti-human monoclonal antibody; cat. no. A1978; Sigma-Aldrich). The secondary antibodies were obtained from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). 5-aminoimidazole-4-carboxyam ide-1-β-D-ribofuranoside (AICAR) was purchased from Sigma-Aldrich. Z-VAD-fmk and compound C were purchased from Calbiochem (Darmstadt, Germany).

Cell culture
------------

The HepG2 cell line was obtained from the Chinese Academy of Sciences Cell Bank (Shanghai, China). The cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM; Sigma-Aldrich), supplemented with 10% fetal bovine serum (FBS; Invitrogen Life Technologies, Carlsbad, CA, USA), penicillin/streptomycin (1:100; Sigma-Aldrich) and 4 mM L-glutamine (Sigma-Aldrich) in a CO~2~ incubator at 37°C. When the cells reached 80% confluence, they were divided into three plates. The subsequent experiments were performed when the cells reached 50--60% confluence.

MTT assay
---------

An MTT assay was used to examine the effects of fatsioside A on the proliferation of the HepG2 cells. Briefly, the cells were seeded into 96-well plates at a density of 5×10^3^ cells/well in 200 *µ*l medium. The cells in the wells were then treated with various concentrations (40 or 80 *µ*M) of fatsioside A and were cultured for 24 h at 37°C. At the end of culture, 0.5 mg/ml MTT in 20 *µ*l phosphate-buffered saline (PBS) was added to each well and the cells were incubated for 4 h at 37°C. An enzyme-labeled instrument (Thermo Fisher Scientific, Waltham, MA, USA) was used to measure the absorbance of each well at 570 nm. Data were calculated from three independent experiments.

Cell apoptosis assay
--------------------

An Annexin V Apoptosis Detection kit (Beyotime Institute of Biotechnology, Shanghai, China) was used to analyze the effects of fatsioside A on the apoptosis of the HepG2 cells. Briefly, 1,000,000 HepG2 cells with the indicated treatment were stained with fluorescein isothiocyanate (FITC)-Annexin V and propidium iodide (PI). The early (annexin V+/PI−) and late (annexin V+/PI+) apoptotic cells were sorted using a fluorescence-activated cell sorting machine (FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA). All experiments were performed in triplicate.

BrdU incorporation assay
------------------------

The HepG2 cells were seeded at a density of 1×10^5^ cells/well in 0.5 ml DMEM containing 10% FBS into 48-well tissue culture plates. The cells were serum-starved for 24 h and then exposed to various concentrations (40 or 80 *µ*M) of fatsioside A for 24 h at 37°C. The cell proliferation was assessed by examining the incorporation of BrdU using a BrdU ELISA colorimetric assay (Roche Diagnostics, Indianapolis, IN, USA), according to the manufacturer\'s instructions. The ELISA optical density value of the treatment groups were normalized to that of the untreated control group. Each condition was assessed in triplicate.

Trypan blue staining
--------------------

The numbers of \'dead\' HepG2 cells (trypan blue-positive) following the indicated treatments were recorded, and the percentage of cell death in the HepG2 was calculated by the number of the trypan blue dye-positive cells divided by the total number of the cells.

TUNEL staining
--------------

Apoptotic cells was also detected using a TUNEL kit (Sigma-Aldrich) according to the manufacturer\'s instructions. Briefly, cells were cultured on cover slips. After Fatsioside A (40 or 80 *µ*M) treatment for 24 h, the cells were fixed in 4% paraformaldehyde solution in PBS for 30 min at room temperature. The cells were then incubated with a methanol solution containing 0.3% H~2~O~2~ for 30 min at room temperature to block endogenous peroxidase activity, and then incubated in the TUNEL reaction mixture for 60 min at 37°C, counterstained with DAPI, then finally visualized by fluorescence microscopy (DM4000B; Leica Microsystems GmbH, Wetzlar, Germany).

Western blot analysis
---------------------

Whole cellular protein was extracted from the HepG2 cells using lysis buffer for western blot analysis. Briefly, the cells were lysed in radioimmunoprecipitation assay buffer (Sigma-Aldrich) for 30 min on ice. Protein levels were quantified using the bicinchoninic acid method. Equal quantities of protein (30 *µ*g/lane) were separated by 5--12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto nitrocellulose blotting membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked in tris-buffered saline with Tween 20 (Sigma-Aldrich) containing 5% non-fat dry milk (w/v) for 2 h and incubated with primary antibodies at 1:1,000 dilution overnight at 4°C, followed by incubation with corresponding horseradish peroxidase-conjugated secondary antibodies at room temperature for 2 h. Protein bands were visualized using chemiluminescence detection (EMD Millipore).

RNA interference (RNAi)
-----------------------

The following RNAi sequences: 5′-GCAUAUGCUGCAGGUAGAU-3′ and 5′-AAGGAAAGTGAAGGTGGGCAA-3′, targeted against human AMPKα1/2 were synthesized by Genewiz, Inc. (Suzhou, China). Non-sense control RNAi was purchased from Santa Cruz Biotechnology, Inc, and was used as an RNAi-negative control. Transfection was performed, as described previously ([@b27-mmr-12-04-5679]). Briefly, the HepG2 cells were cultured on a six-well plate to 60% confluence in antibiotic- and serum-free medium at 37°C. The targeted and control RNAi (100 *µ*M) and 3.0 *µ*l Lipofectamine PLUS Reagent (Invitrogen Life Technologies) were diluted in 90 *µ*l small interfering RNA dilution buffer (Santa Cruz Biotechnology, Inc.), and 3 *µ*l Lipofectamine LTX (Sigma-Aldrich) was added. The transfection complex was then added to the wells containing 1 ml DMEM for 12 h, with a final RNAi concentration of 100 nM. Growth medium was then added to the cells, which were cultured for an additional 48 h at 37°C. The expression levels of the target proteins in the transfected cells were assessed using western blot analysis. Only the cells exhibiting significant target protein-knockdown were used for the experiments.

Statistical analysis
--------------------

The data are presented as the mean ± standard deviation of three independent experiments. Differences between two mean values were evaluated using Student\'s *t*-test and P\<0.05 was considered to indicate a statistically significant difference. Statistical analyses were performed using SPSS software 19.0 (SPSS, Inc., Chicago, IL, USA).

Results
=======

Fatsioside A inhibits the survival and proliferation of HepG2 cells
-------------------------------------------------------------------

The present study examined the effect of fatsioside A on HepG2 cell survival and proliferation. Cell viability was evaluated using an MTT assay. The results, as shown in [Fig. 1A](#f1-mmr-12-04-5679){ref-type="fig"}, clearly indicated that fatsioside A at concentrations of 40 and 80 *µ*M markedly inhibited HepG2 cell survival. In addition, the number of trypan blue-positive, \'dead\', cells increased sharply following fatsioside A treatment at 40 and 80 *µ*M ([Fig. 1B](#f1-mmr-12-04-5679){ref-type="fig"}). The effect of fatsioside A on HepG2 cell proliferation was also examined. Using a BrdU incorporation assay, the present study demonstrated that fatsioside A suppressed HepG2 cell proliferation ([Fig. 1C](#f1-mmr-12-04-5679){ref-type="fig"}). Furthermore, a TUNEL assay revealed that, compared with the control group, the number of tunnel-positive \'dead\' cells increased markedly following fatsioside A treatment at concentrations of 40 and 80 *µ*M ([Fig. 1D](#f1-mmr-12-04-5679){ref-type="fig"}). Taken together, these results suggested that fatsioside A significantly inhibited the survival and proliferation of the HepG2 cells.

Fatsioside A induces apoptotic and necrotic death of HepG2 cells
----------------------------------------------------------------

The results described above indicated that fatsioside A inhibited HepG2 cell survival and proliferation; therefore, the present study subsequently assessed whether cell apoptosis was involved in this effect. As shown in [Fig. 2A and B](#f2-mmr-12-04-5679){ref-type="fig"}, fatsioside A (40 and 80 *µ*M) induced early (Annexin V+/PI−) and late (Annexin V+/PI+) apoptosis in the HepG2 cells. In addition, fatsioside A also caused caspase-3 cleavage and Bcl-2 degradation ([Fig. 2C](#f2-mmr-12-04-5679){ref-type="fig"}). Notably, fatsioside A also induced necrotic (Annexin V−/PI+) HepG2 cell death ([Fig. 2A and B](#f2-mmr-12-04-5679){ref-type="fig"}). Furthermore, the results of the cell viability assay results, as shown in [Fig. 2D](#f2-mmr-12-04-5679){ref-type="fig"}, demonstrated that z-VAD-fmk, a general caspase inhibitor, suppressed, but did not reverse, fatsioside A-induced HepG2 loss of viability, indicating that apoptotic and necrotic death accounted for the fatsioside A-induced cytotoxicity in the HepG2 cells.

Activation of AMPK is involved in fatsioside A-induced cytotoxicity in HepG2 cells
----------------------------------------------------------------------------------

As shown in [Fig. 3A](#f3-mmr-12-04-5679){ref-type="fig"}, fatsioside A induced significant AMPK activation in the HepG2 cells, as the expression levels of p-AMPKα and the downstream ACC in HepG2 cells were significantly increased following fatsioside A treatment. Notably, AMPK inhibition by its inhibitor, compound C or by AMPKα-RNAi suppressed fatsioside A-induced loss of cell viability ([Fig. 3B and C](#f3-mmr-12-04-5679){ref-type="fig"}). Fatsioside A-induced apoptosis and cleavage of caspase-3 was also inhibited by AMPK inhibition ([Fig. 3D and E](#f3-mmr-12-04-5679){ref-type="fig"}). The AICAR AMPK activator also inhibited HepG2 cell survival ([Fig. 4A and B](#f4-mmr-12-04-5679){ref-type="fig"}). The above results indicated that activation of AMPK was involved in fatsioside A-induced cytotoxicity in HepG2 cells.

Discussion
==========

HCC is known to be one of the most life-threatening types of tumor in humans. The effects of current antitumor therapies in HCC are limited ([@b28-mmr-12-04-5679]--[@b30-mmr-12-04-5679]) and, as HCC cells are resistant to apoptosis, patients with HCC usually have a poor prognosis. Therefore, examination of potential novel therapy targeting their inherent apoptosis-resistant phenotype is essential.

The present study revealed that fatsioside A markedly inhibited the survival and proliferation of HepG2 cells and induced apoptotic and necrotic death of the HepG2 cells. Furthermore, this effect was found to be exerted by activation of the AMPK cascade.

In line with previously published data on glioma ([@b10-mmr-12-04-5679]), the present study observed that fatsioside A significantly inhibited the proliferation of HepG2 cells. One of the novel findings of the present study is the confirmation that the fatsioside A-induced reduction in the viability of HepG2 cells occurred through apoptosis, which was elucidated following the application of Annexin V-FITC/PI double staining. Apoptosis is a physiological phenomenon ([@b31-mmr-12-04-5679]). The significance of apoptosis is to remove senescent cells and over functioning cells, including activated T cells ([@b32-mmr-12-04-5679]--[@b34-mmr-12-04-5679]). Deregulation of apoptosis is associated with the pathogenesis of a number of disorders, including tumor cell growth. Thus, one of the predominant strategies used to treat tumors is to induce the apoptosis of tumor cells ([@b35-mmr-12-04-5679]). The results of the present study suggested that fatsioside A can disturb the inherent apoptosis-resistant ability of HepG2 cells. Of note, it was also found that fatsioside A induced necrotic death of the HepG2 cells, as the z-VAD-fmk caspase inhibitor suppressed, but did not reverse, fatsioside A-induced loss of HepG2 viability.

Previous studies have demonstrated that cellular stress-activated AMPK promotes cell apoptosis ([@b36-mmr-12-04-5679]), and such an effect by AMPK occurs through regulating the downstream signals of AMPK, including c-Jun N-terminal kinase, p53 and mammalian target of rapamycin ([@b37-mmr-12-04-5679]--[@b39-mmr-12-04-5679]). In addition, anticancer chemotherapies, including taxol and temozolomide activate the AMPK-dependent apoptosis pathways ([@b40-mmr-12-04-5679],[@b41-mmr-12-04-5679]). Resveratrol, capsaicin and EGCG anticancer plant extract-induced cancer cell death also requires AMPK activation ([@b18-mmr-12-04-5679],[@b42-mmr-12-04-5679],[@b43-mmr-12-04-5679]). In the present study, significant AMPK activation was observed in the fatsioside A-treated HepG2 cells. Inhibition of AMPK by RNAi or compound C suppressed fatsioside A-induced apoptosis in the HepG2 cells. By contrast, HepG2 cell viability was inhibited by the AICAR AMPK activator. These results suggested that AMPK activation is required for the induction of the anticancer effects of fatsioside A in HepG2 cells.

However, of note, AMPK inhibition reduced, but did not reverse HepG2 cytotoxicity-induced by fatsioside A in the present study. This may be due to the incomplete inhibition of AMPK by the methods used in the present study (RNAi or compound C), however, it is more likely that AMPK activation is among several mechanisms activated by fatsioside A to mediate HepG2 cell death. Other signals, which are independent of AMPK activation and induced by fatsioside A require further investigation. Although the present study confirmed AMPK activation by fatsioside A, the potential upstream signal for this activation remains to be elucidated.
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![Fatsioside A inhibits the survival and proliferation of HepG2 cells. (A) HepG2 cells were either left untreated or were treated with different concentrations of fatsioside A, and the cells were further cultured in Dulbecco\'s modified Eagle\'s medium for 24 h. Cell viability was assessed using a 3-(4, 5-dimetryl-thiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay. (B) Percentages of trypan blue-positive cells were recorded. (C) HepG2 cell proliferation was analyzed using a BrdU incorporation assay. (D) Apoptotic death of the HepG2 cells was determined using a TUNEL assay. Scale bar=100 *µ*m. Experiments were repeated three times and similar results were obtained. Data are expressed as the mean ± standard deviation. ^\*^P\<0.05, vs. Ctrl group. FA, fatsioside A; Ctrl, untreated control; OD, optical density.](MMR-12-04-5679-g00){#f1-mmr-12-04-5679}

![Fatsioside A induces apoptotic and necrotic death of HepG2 cells. (A and B) HepG2 cells were treated with or without fatsioside A and were cultured in Dulbecco\'s modified Eagle\'s medium for 24 h, following which apoptotic and necrotic cell death was assessed using an Annexin V fluorescence-activated cell sorting. (C) Expression levels of cleaved caspase-3, Bcl-2 and β-actin were assessed using western blot analysis. (D) HepG2 cells were pre-treated with z-VAD-fmk (50 *µ*M), a general caspase inhibitor, for 1 h, followed by fatsioside A (40 and 80 *µ*M) stimulation and further culture for 24 h, Cell viability was then assessed using a 3-(4, 5-dimetryl-thiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay. Experiments were repeated three times and similar results were obtained. Data are expressed as the mean ± standard deviation. ^\*^P\<0.05, vs. Ctrl; ^\#^P\<0.05, vs. fatsioside A group. Ctrl, untreated control; PI, propidium iodide; FITC, fluorescein isothiocyanate; DMSO, dimethyl sulfoxide; Bcl-2, B-cell lymphoma-2.](MMR-12-04-5679-g01){#f2-mmr-12-04-5679}

![AMPK inhibition suppresses fatsioside A-induced cell viability loss in HepG2 cells. (A) HepG2 cells were either left untreated or were treated with different concentrations of fatsioside A (40 or 80 *µ*M) for 24 h. The phosphorylation of AMPKα and ACC were then assessed using western blot analysis. (B) HepG2 cells were pre-treated with the AMPK inhibitor, compound C (10 *µ*M), for 1 h, followed by fatsioside A (80 *µ*M) stimulation, and were further cultured for 24 h prior to assessment of cell viability using an MTT assay. (C) Scramble control (sc)RNAi- or AMPKα RNAi-transfected HepG2 cells were either left untreated or were treated with fatsioside A (80 *µ*M), and were further cultured for 24 h prior to cell viability assessment using an MTT assay. (D) Expression levels of AMPKα in these cells were assessed using western blot analysis (upper) and were also assessed for cell apoptosis using Annexin V fluorescence-activated cell sorting 24 h, following treatment with fatsioside A (80 *µ*M).^\*^P\<0.05, vs. fatsioside A + scRNAi group. (E) Expression levels of cleaved caspase-3 in the cells were examined using western blot analysis. Experiments were repeated three times and similar results were obtained. Ctrl, untreated control; FA, fatsopside A; AMPK, AMP-activated protein kinase; ACC, acetyl-CoA carboxylase carboxylase; p-, phosphorylated; RNAi, RNA interference; DMSO, dimethyl sulfoxide.](MMR-12-04-5679-g02){#f3-mmr-12-04-5679}

![AMPK activator inhibits HepG2 cell survival. (A) HepG2 cells were either left untreated or treated with fatsioside A (80 *µ*M) for 24 h, or the AMPK activator (AICAR; 1 mM) for 2 h. The levels of cleaved caspase-3 were assessed using western blot analysis. (B) Cell viability was examined using a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay. Experiments were repeated three times and similar results were obtained. ^\*^P\<0.05, vs. Ctrl. FA, fatsioside A; Ctrl, untreated control; AICAR, 5-aminoimidazole-4-carb oxyamide-1-β-D-ribofuranoside; ACC, acetyl-CoA carboxylase carboxylase.](MMR-12-04-5679-g03){#f4-mmr-12-04-5679}
